We theoretically discuss all-optical switching at the Fano resonances of subwavelength gratings made of a chalcogenide glass (As 2 S 3 ). Particular attention is devoted to the case in which the grating possesses extremely narrow slits (channels ranging from a ∼ 10 nm to a ∼ 40 nm). The remarkable local field enhancement available in these situations conspires to yield low-threshold switching intensities (∼50 MW=cm 2 ) at telecommunication wavelengths for extremely thin (d ∼ 200 nm) gratings when a realistic value of the As 2 S 3 cubic nonlinearity is used. © 2011 Optical Society of America OCIS codes: 050.6624, 190.1450, 190.3270. All-optical switching devices are based on the optical Kerr effect in which the local refractive index of the material is linearly modified with the intensity of the field [1]: n ¼ n L þ n 2 I, n L is the linear refractive index of the material, n 2 is the nonlinear refraction coefficient, and I the local field intensity. The nonlinear refraction index n 2 and the two photon absorption (TPA) coefficient β can also be related, respectively, to the real and imaginary parts of the cubic χ ð3Þ nonlinearity through the following relations [2]: Re½χ
All-optical switching devices are based on the optical Kerr effect in which the local refractive index of the material is linearly modified with the intensity of the field [1]: n ¼ n L þ n 2 I, n L is the linear refractive index of the material, n 2 is the nonlinear refraction coefficient, and I the local field intensity. The nonlinear refraction index n 2 and the two photon absorption (TPA) coefficient β can also be related, respectively, to the real and imaginary parts of the cubic χ ð3Þ nonlinearity through the following relations [2]: Re½χ ð3Þ ¼ ε 0 cn 2 L n 2 and Im½χ ð3Þ ¼ ε 0 cn 2 L λβ=ð4πÞ, where ε 0 is the vacuum permittivity, c the speed of light in vacuo, and λ the wavelength. In [3] was demonstrated that alloptical switching can be possible only when the following relation is satisfied: ðIm½χ ð3Þ =Re½χ ð3Þ Þ < 1=ð8πÞ or, equivalently, a figure of merit (FOM) FOM ¼ n 2 =ð2βλÞ > 1. For example, in the case of GaAs we can extrapolate n 2 and β at λ ∼ 1:5 μm using experimental data available in the literature [4] from which we obtain an FOM ¼ 0:066 preventing obviously any all-optical switching according to the criterion laid out in [3] . Among alternative materials for all-optical signal processing, chalcogenide glasses stand out due to their large, ultrafast third-order nonlinearities and low TPA [5] . The aim of this Letter is to show that it is possible to achieve all-optical switching at extremely low input intensity (∼50 MW=cm 2 ) by using the Fano resonances [6] available in a diffraction grating. In particular, we use a diffraction grating made of As 2 S 3 (arsenic trisulfide), which belongs to the family of the chalcogenide glasses [5] , for the reasons mentioned above. While the idea to use the sharp resonances available in a diffraction grating for optical bistable devices dates back to almost three decades ago [7] , in this Letter we will analyze in particular the regime of diffraction gratings with extremely narrow slits whose apertures a range from a ∼ 10 nm to a ∼ 40 nm. Structures like the ones we propose here might nowadays be fabricated using advanced nanofabrication techniques [8] . In general, Fano resonances originate in any quantum or classical system that admits discrete states (be they the quantum eigenstates of an atomic system or the guided modes of a waveguide, for example) coupled with continuum states (be they the Breit-Wigner resonances of an excited atom or the transmission resonances of a Fabry-Perot etalon, for example). The reader interested in a more detailed account of the role of Fano resonances in many physical systems can consult [9, 10] . The linear properties of Fano resonances in chalcogenide photonic crystal membranes have been studied in [11] , for example. In our case, Fano resonances can be simply obtained by using a subwavelength grating as the one shown in Fig. 1(a) . Fano resonances will in this case be generated by the coupling of the continuum FabryPerot etalon resonances of the unperturbed (no grating) air=As 2 S 3 =substrate structure along z with the discrete guided modes admitted by the same unperturbed structure air=As 2 S 3 =substrate along the x direction, as also where ϑ is the incident angle, λ the incident wavelength, n WG the real part of the effective index of the mode of the unperturbed waveguide (in our case the air= As 2 S 3 ð200 nmÞ=substrate waveguide), Λ the grating period, and m the diffraction order. Equation (1) becomes exact as the slit aperture a → 0, because in this case the grating structure gets closer and closer to the unperturbed waveguide. We have designed the grating so that at normal incidence and TE polarization it admits Fano resonances in the telecommunication band, i.e. between 1.52 and 1:56 μm, see Fig. 1(b) . In particular, in our case the incident wavelength is approximately matched with the TE 0 guided mode of the unperturbed waveguide according to the equation λ ≅ n WG Λ. (1) predicts; moreover, the amount of the shift decreases as the grating approaches the uniform waveguide for narrower and narrower slits. In the calculations we have taken the dispersion of As 2 S 3 by a linear interpolation of the experimental data tabulated in the book of Kloceck [14] . The reflection and transmission from the grating have been numerically calculated by using the Fourier modal method (FMM) [15] . Note that the quality (Q) factor (Q ¼ λ=Δλ) of the resonances increases as the width a of the slits decreases; this is an expected phenomenon that can be explained by looking at these resonances as generated by leaky waveguide modes whose dwell time inside the As 2 S 3 grating is longer and longer as the As 2 S 3 grating becomes closer and closer to the unperturbed uniform layer. Such kinds of narrow resonances can still be easily resolved using pulses in the subnanosecond range (between 10 and 100 ps).
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In Fig. 2 we show the onset of the optical bistability for the three resonances just described. The nonlinear calculation makes use of the FMM extended to deal with a cubic nonlinearity according to the mean field theory laid out in [7] .
The nonlinear refractive index n 2 of As 2 S 3 has been taken according to [5] equal to 2:9 × 10 −18 m 2 =W which corresponds to a cubic nonlinearity χ ð3Þ ¼ 4:4 × 10 −20 m 2 =V 2 . This value of the cubic nonlinearity is almost 1 order of magnitude smaller than the value of a typical semiconductor material such like GaAs, but it is still 2 orders of magnitude greater than glass, for example.
The figures show how the onset of optical bistability is strictly linked to the Q factor of the resonances, as one may expect. In fact the high Q factor, or equivalently high density of modes, is an indication of the high local field intensity available inside the grating that fosters the inception of optical bistability at low input intensity. We note, in particular, how the input intensity for the start of the optical bistability roughly scales as 1=Q 2 [see the Q factors of the corresponding linear resonances in the caption of Fig. 1(b) ] in agreement with the scaling law reported in [16] for nonlinear photonic crystals with a Lorentzian line, for example.
In Fig. 3 we show the all-optical switching characteristics of the device. The operative wavelengths in the three cases have been chosen approximately at the center of the optical bistability region (see Fig. 2 ). The fact that the two stable branches have a crossing point should not be considered a problem. In fact, for continuity reasons, the nonlinear reflection simply follows the stable branch 1 until the switching point S1 for increasing input intensities and follows the stable branch 2 until the switching point S2 for decreasing input intensities. It is worthwhile to draw attention once again to the critical role played by the slits aperture in decreasing the switching threshold of the device. The switching threshold can be decreased of nearly 2 orders of magnitude by decreasing the slit's size from a ¼ 36 nm [ Fig. 3(c) ] to a ¼ 12 nm [ Fig. 3(a) ]. Also in this case the 1=Q 2 dependence of the switching intensity can easily be ascertained. It is opportune at this point to mention that thermally evaporated As 2 S 3 thin films have been found to be photosensitive at telecommunication wavelengths, unlike their bulk counterpart, for local intensities ∼1 GW=cm 2 and long exposure times [17] . While an improvement in deposition techniques may eventually lead to As 2 S 3 thin films that have the same stability as the corresponding bulk material, nevertheless we would like to comment on the generality of our approach that does not rely in particular on the use of chalcogenide glasses but can be in principle applied to any diffraction grating provided that the material possesses low TPA. In our case the peak intensity in the glass at the switching point S1 is ∼15 GW=cm 2 for Fig. 3(a) , ∼60 GW=cm 2 for Fig. 3(b) , and ∼120 GW=cm 2 for Fig. 3(c) . If, for example, we have a grating with a 6 nm slit, peak intensity in the glass well below 10 GW=cm 2 can be expected. Photostable thin film chalcogenide glasses with optical damage threshold ∼35 GW=cm 2 have been recently reported [18] . Given the dramatic improvements in current nanofabrication techniques [8] and in the processing of chalcogenide glasses [18] , we believe that the results presented here may pave the way for a new class of efficient all-optical switching devices at telecommunication wavelengths. Fig. 3 . (Color online) Reflection versus input intensity (I in ) at different incident wavelengths for the three cases. The dots indicated with S1 and S2 and the corresponding dashed arrows represent, respectively, the switching points of the transition from the stable branch 1 to stable branch 2 (S1) for increasing input intensity and from stable branch 2 to stable branch 1 (S2) for decreasing input intensity.
